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Abstract — Composite materials are well established in the 

space industry and offer significant strength-to-weight 

advantages for large-scale structures.  However, composite 

materials with embedded conductive elements have not been 

implemented in spaceborne antenna systems as radiating 

elements.  Furthermore, the use of composite materials for deep 

space missions requires the materials to be robust to extreme 

temperatures.  Microcracking and delamination between fiber 

and matrix components, as well as the conductive element, 

presents an inherent limitation in the application of composite 

materials to cryogenic temperatures.  Thin-ply laminates (ply 

thickness of less than 70 μm) have been identified as a technique 

to mitigate microcracking, however little data exists in open 

literature that aids the design and fabrication of such structures.  

This study presents a technique developed for embedding a 

conductive metallic mesh into the layup of thin-ply carbon fiber 

reinforced polymer (CFRP) composite material.  Thermal 

cycling and subsequent mechanical testing on fabricated 

samples has been used to evaluate thin-ply composites as a crack 

mitigation technique. Furthermore, the construction of thin-ply 

CFRP composite tubes has been demonstrated for both straight 

segments and curved segments utilizing a novel sacrificial 

ceramic molding method.  These prototypes represent the 

building blocks for a 1 m scale radiating element and are the 

first test articles for the evaluation of thin-ply CFRP composites 

with an embedded metallic mesh.  The successful 

implementation of a CFRP composite with an embedded 

metallic mesh would enable ultra-lightweight conductive 

structures for future applications, such as antennas, requiring 

survival in cryogenic temperatures.  
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1. INTRODUCTION 

Fiber composite materials are used in a variety of applications 

for space structures.  Compared to conventional aerospace 

metals, composite materials provide a significantly higher 

Young’s modulus (stiffness) relative to material density, but 

have anisotropic conductivity, requiring additional design 

considerations to be utilized as antenna radiating elements [1, 

2].  Embedding metallic mesh into composites presents one 

potential method of maintaining  structural benefits while 

adding the electrical conductivity required for utility as an 

antenna radiating element.  Antennas constructed using this 

technique have predictable electromagnetic performance [3]. 

However, composites with embedded metallic meshes have 

never been qualified or used as radiating elements for 

spaceborne applications.  

The use of composite materials for space missions requires 

the materials to be robust to severe temperatures ranges. 

Microcracking and delamination between fiber and matrix 

components present an inherent limitation in the application 

of composite materials to cryogenic temperatures as repeated 

thermal cycling could lead to degraded mechanical properties 

and structural failure [4, 5]. The use of thin-ply laminates (ply 

thickness of less than 70 μm) in the fabrication of composite 

layups have been identified as a technique to mitigate 

microcracking both at room temperature and in cryogenic 

testing [6-8], as experimental studies have demonstrated the 

ability of thin-ply composites to suppress and delay the onset 

of microcracking. The observed trends are hypothesized to be 

due to smaller cracks as a result of high crack propagation 

energy at the ply boundaries as well as statistically less 

defects in thin-ply composites [7]. This approach is 

advantageous over other methods of mitigating microcracks, 

as thin-ply composites at the same time increase material 

performance resulting in higher stiffness, improved strength, 

and better damage resistance [6, 7].  

Therefore, the developed approach to utilizing a composite 

material for a spaceborne antenna element involves the 

fabrication of a carbon fiber composite layup consisting of 

thin-ply composites cured with an embedded metallic mesh.  

This represents a novel approach to simultaneously 

addressing the thermal and electrical limitation of 

conventional composite materials.   
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2. MATERIALS  

The proposed electrically conductive composite material 

consists of two primary components: thin-ply (~30 µm/ply) 

carbon fiber reinforced polymer (CFRP) and a metallic mesh.   

The CFRP consists of unidirectional M55JB-6K carbon fiber 

with a Thinpreg120 epoxy resin reinforcement obtained as a 

prepreg tape from North Thin Ply Technology [9]. The fiber 

was selected for its high modulus, ideal for thin-ply 

applications, whereas the resin was selected for its high glass 

transition temperature of 180oC, appropriate for the large 

range of operating temperatures found in space.  

The woven phosphor bronze mesh from TWP Inc. [10] is a 

twill weave composed of wires with a diameter of 114 

microns, easily satisfying the typical five times of the skin-

depth requirement for 30 to 1000 MHz. The mesh opening is 

140 microns (≪
𝜆

100
 for VHF and UHF) and has no significant 

impact on the electromagnetic performance. 

The antenna radiating element considered herein is 

envisioned as a thin-walled circular cross-section.  Figure 1 

provides two options considered for the composite cross 

section, one with the metallic conductor on the exterior (a) 

and alternatively with the metallic layer several plies into the 

layup (b).  Regarding the thickness of each component, 𝑡𝐶𝐹 

and 𝑡𝑐 denote the thickness of the CFRP and metallic mesh, 

respectively. For a 1 mm thick cross-section, the 

corresponding areal density is 1.74 kg/m2 (including the 

metallic mesh). For comparison, an aluminum antenna with 

the same cross-section would have a density of 2.70 kg/m2. 

 

 
FIGURE 1: Proposed composite antenna cross-sectional 

geometry. Carbon fiber and metallic mesh indicated in 

black and yellow, respectively. (a) Metallic mesh embedded 

on exterior. (b) Metallic mesh embedded inside carbon fiber 

layup.   

 

3. VALIDATION OF THIN-PLY APPROACH 

The proposed design approach of using thin-ply composites 

to mitigate microcracking was validated by thermal cycling 

flat coupon samples (1 × 10 in.2) with varying ply thickness 

and monitoring crack formation and stiffness. All samples 

were manufactured using the previously described prepreg 

material (in Section 2) with the effective ply thickness 

increased by stacking multiple plies with the same fiber 

direction. The same prepreg material is used for all samples 

to minimize the effects of the prepreg fabrication process on 

the results. Five coupons of each of the samples described in 

Table 1 were fabricated and tested. The samples tested three 

ply thicknesses (samples A, B, and C) as well as the effects 

of embedding conductive mesh on the outer ply and inside 

the composite layup (samples AO and AI). 

Sample 

ID 

Layup Mesh 

Location 

Effective 

Ply 

Thickness 

(𝛍m) 

A [0\±45\90\∓45\0]3 

 

None 30 

B [∓452\02\±452\90]𝑠 None 60 

C [03\±453\903\∓453
\03] 

 

None 90 

AO [0\±45\90\∓45\0]3 Outer 

ply 

30 

AI [0\±45\90\∓45\0]3 Inside 

layup 

30 

TABLE 1: Samples used in thermal testing 

All samples were first subjected to five low-level thermal 

cycles from -55oC to 180oC in an INSTRON 3119-506 

thermal chamber, to evaluate the effects of ply thickness on 

the extent of microcracking. Following this were five thermal 

shock cycles achieved by dipping samples into liquid 

nitrogen (-196oC) followed by a bake out at 140oC. This 

allowed further insight into the microcracking behavior 

without the need for a large number of lengthy thermal cycles 

and is closer to the temperature range seen in a deep space 

mission. A 10 min dwell time was used at each temperature 

extreme.  

The sample edges were polished prior to testing and 

examined for microcracking using a Nikon Eclipse LV150N 

optical microscope after each thermal cycle. Tension tests 

were conducted at 25oC before and after low-level thermal 

cycling and thermal shock testing following ASTM D3039M 

[11] to gauge the effects of microcracking on stiffness. The 

effects of microcracking on composite strength were not 

investigated here due to the destructive nature of the testing 

but should be investigated in future work.  

Sections 3.1 – 3.3 describe the main experimental 

observations made relevant to the design of composite 

structures with embedded metallic meshes for a cryogenic 

environment. 

3.1 EFFECT OF PLY THICKNESS ON MICROCRACKING 

Figure 2 plots the microcrack density observed in the center 

90o ply in samples A (30 μm plies), B (60 μm plies), and C 
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(90 μm plies) as a function of number of low-level thermal 

cycles. As predicted, the use of thin plies delays the onset of 

microcracking. The samples with the thinnest layers begin to 

exhibit a small number of cracks after five thermal cycles. 

 
FIGURE 2: Microcrack density as a function of number of 

thermal cycles for various ply thicknesses 

This trend occurs since the ply boundaries pose barriers to 

crack propagation, requiring a high crack propagation 

energy. Furthermore, it has been suggested that thin-ply 

composites contain less fabrication defects [7]. The latter was 

not evaluated in this study as not all samples could be cured 

at once resulting in slightly differing cure pressures with a 

potential impact on defect content. 

Figure 3 (a) and (b) shows the characteristic of the cracks in 

the 90 μm and 30 μm samples, respectively, after 5 low-level 

thermal cycles. Thicker plies allowed cracks to branch and 

propagate parallel to the ply boundaries resulting in crack 

lengths of several mm in the 90 μm samples after 5 thermal 

cycles compared to only ~10 μm long cracks in the 30 μm 

samples.  

 
FIGURE 3: (a) Cracks in 90 𝝁m plies, 50X magnification. 

(b) Cracks in 30 𝝁m plies, 50X magnification. 

After five low-level thermal cycles, no significant drop in 

stiffness at room temperature was measured in any of the 

samples, with moduli remaining within ±5% of those 

initially measured.  

 

3.2 CONTACT STRESSES BETWEEN METALLIC MESH AND 

FIBERS 

It is worth noting that the coefficient of thermal expansion 

(CTE) mismatch between materials, which often drives and 

limits the survival temperature range for many composites, is 

actually smaller between the bronze mesh (~18 ppm/deg C) 

and carbon fiber (-1.1 ppm/deg C) than it is between the 

carbon fiber and the epoxy (45-55 ppm/deg C). However, the 

presence of the mesh still induces microcracking in the 

composite in several ways. First, due to contact stresses 

developed due to CTE mismatches. Second, due to bending 

induced by CTE mismatch of the metallic mesh layer and the 

composite. 

At the cold end of the cycle, the epoxy matrix shrinks more 

than the metallic mesh embedded in it. As a result, the 

metallic wires (of radius 𝑅𝑐, with elastic constants 𝐸𝑐 and 𝜈𝑐) 

come in contact with the carbon fibers (of radius 𝑅𝐶𝐹, with 

elastic constants 𝐸𝐶𝐹  and 𝜈𝐶𝐹) in the adjacent ply. A 

simplified Hertzian contact model between two 

perpendicular cylinders can be used to compute the 

approximate contact stresses. This case is equivalent to a 

sphere in contact with a plane where the maximum contact 

stress is given by [12], 

𝜎𝑚𝑎𝑥 = √
1

𝜋

6𝐹𝐸𝑒𝑓𝑓
2

𝑅𝑒𝑓𝑓
2

3

 

where 𝐹 is the maximum contact force given by, 

𝐹 =
4

3
𝐸𝑒𝑓𝑓𝑅𝑒𝑓𝑓

1/2
𝑑3/2 

𝑑 is the contact depth resulting from the CTE mismatch 

between the epoxy and metallic mesh, 𝑅𝑒𝑓𝑓 = (𝑅𝑐
−1 +

𝑅𝐶𝐹
−1)−1 is the effective sphere radius, and 𝐸𝑒𝑓𝑓 = (

1−𝜈𝐶𝐹
2

𝐸𝐶𝐹
+

1−𝜈𝑐
2

𝐸𝑐
)
−1

 is the effective modulus.  

Using the material properties given in references [13] and 

[10], the resulting contact stress from cooling the composite 

to -55oC from a stress-free state at 25oC is 0.95 GPa (low-

level thermal cycling). The transverse compressive strength 

for the M55J fiber is not available in literature but it is 

expected to be only a small fraction of the strength in the fiber 

direction of 4 GPa due to anisotropy of carbon fiber. Hence, 

it is anticipated that the brittle carbon fibers will crack upon 

cooling.  

This behavior was observed in all samples with embedded 

mesh (samples AO and AI) after five low-level thermal 

cycles. Figure 4 illustrates this effect in samples AI, where 
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transverse cracking of the carbon fibers can be seen below the 

middle conductive wire (in yellow). In fact, the breaks extend 

several fibers away from the conductive wire. Figure 4 is 

representative of observations in both samples AI and AO.  

 
FIGURE 4: Cracking of carbon fibers due to thermally 

induced contact stresses with metallic mesh in samples AI, 

100X magnification. 

The observed cracking had no impact on the stiffness of the 

composite samples. Tension tests after 5 low-level thermal 

cycles measured moduli within ±5% of initial values. 

3.3 EFFECT OF MESH LOCATION 

Due to the CTE mismatch of the conductive layer and the 

composite, the two will contract and expand by different 

amounts under thermal cycling. This results in a thermally 

induced curvature in the flat samples when the conductor is 

embedded on the outside of composite (i.e. samples AO). 

This effect is as described by Stoney in reference [14]. 

The temperature range in the initial low-level thermal cycling 

did not induce a sufficient curvature to crack the composite 

samples. However, Figure 5 shows a micrograph of sample 

AO after five thermal shock cycles. Severe microcracking 

was observed in these samples with cracks propagating 

though one ply after a single thermal shock cycle and though 

three plies after five shock cycles. All microcracking due to 

this effect was observed in the plies under compression. 

In the samples with the conductive layer in the middle of the 

layup (i.e. samples AI), the conductor is constrained and 

cannot induce the same curvature. Hence, no microcracking 

was observed in samples AI after thermal shock testing.  

The thermally induced curvature may be compensated for 

through geometry. For example, the effect may be 

unnoticeable for an isothermal circular CRFP tube with an 

outer conductor. However, this is an important consideration 

when designing arbitrary cross-sections with flat segments 

and even face sheets in sandwich panels.   

 
FIGURE 5: Microcracking due to thermally induced 

bending in samples AO, 50X magnification. 

Tensile testing of samples AO after five thermal shock cycles 

revealed a drop in modulus between 18% and 25% in three 

out of five coupons (the other two coupons showed no 

significant change in modulus). This is in contrast to the 

effects of the microcracking observed after low-level thermal 

cycling where moduli remained within ±5% of initial values. 

The stress-strain curves for these three coupons before and 

after thermal shock testing are shown in Figure 6. Testing on 

a statistically significant sample size would be required to 

show that microcracking due to thermally induced bending 

can result in degraded material performance. 

 
FIGURE 6: Stress-strain curves for samples AO before 

(black) and after (red) thermal shock testing. 

 
The thermal testing presented in this section illustrated the 

ability of thin-ply composites to mitigate the formation of 

microcracks at cryogenic temperatures. The benefits were 

observed down to 30 μm ply thickness. Furthermore, the testing 

revealed two design considerations for embedding metallic 

meshes: 

1) Contact stresses between the mesh and carbon fibers are 

sufficient to crack the carbon fibers. This does not 

degrade material modulus for the number of cycles 

tested. 
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2) The mesh should be embedded inside the composite 

layup to avoid thermally induced bending of the 

laminate, which may cause a large reduction in material 

modulus. The cross-sectional geometry can be used to 

compensate for this effect. 

 

4. ANTENNA ELEMENT PROTOTYPES 

Prototype antenna element segments were fabricated utilizing 

the materials and layup outlined in Section 2.  A technique 

using a water-soluble sacrificial molding was developed to 

fabricate straight and curved tubes with the thin-walled 

circular cross section in Figure 1. Sacrificial molding allows 

for complex composite part geometries, in particular curved 

hollow sections where the composite tooling cannot 

otherwise be removed.  

First, the water-soluble ceramic compound (Aquapour from 

Advanced Ceramics Manufacturing [15]) was cast into the 

required cylindrical shape using a 3D printed female mold.  

The ceramic starts as a powder, which is then mixed with 

water and degassed before being poured into the female 

mold.  The 3D printed mold is composed of two pieces, with 

each piece covering 180o of the cylinder, so that it could 

easily be removed without damaging the ceramic. Figure 7 

depicts the 3D printed female mold (a) used to cast the 

Aquapour ceramic mold (b).  Utilizing a 3D printed mold 

enabled inexpensive and rapid prototype development, with 

each printed female mold capable of being reused.   

 
FIGURE 7: (a) Two piece 3D-printed female mold for 

casting Aquapour ceramic mold. (b) Fully set ceramic mold. 

Once extracted from the 3D printed mold, the Aquapour 

ceramic mold is dehydrated in an oven at 110oC until 45% 

mass loss is achieved (~6 hours for a 35 mm diameter 

cylinder), sealed with the Aquaseal [15] compound to prevent 

epoxy infiltration during the cure, and then used for the lay-

up of the composite material.   

Special care was taken to layup the composite plies on the 

ceramic mold to prevent wrinkling of the prototypes. 

Wrinkles can form when thick layups are wrapped around a 

small radius due to the inability of plies to slip past one 

another. Therefore, as the plies were stacked, they were 

staggered by 50% of their width in the circumferential 

direction. Hence, as the layup was wrapped around the mold, 

at most two plies were wrapped at a time. In addition, heat-

shrink tubing was applied on top of the composite layup to 

prevent wrinkles in the vacuum bagging from imprinting on 

the composite. 

The composite material structure was cured at 120oC for 2 

hours in an autoclave cure.  Compared to metallic or plastic 

molds, the ceramic mold material has a smaller CTE 

mismatch with the carbon fiber composite material. This 

results in smaller residual stresses in the cured composite and 

allows for fabrication of more precise structures.  

Finally, once the composite structure has cured, the ceramic 

mold is washed out using cold water.  Figure 3(a) depicts a 

prototype composite tube segment with the ceramic mold 

partially dissolved away.   

 
FIGURE 8: (a) Prototype with ceramic mold partially 

washed away. (b) Straight tube prototype with embedded 

conductive mesh. (c) Curved tube prototype. 

Two types of prototype segments were manufactured with the 

described technique: straight hollow tubes with a diameter of 

7 cm and a length of 20 cm (Figure 8(b)) and curved tube 

segments with a diameter of 7 cm, length of 10 cm, and a 

radius of curvature of the tube of 0.14 m (Figure 8(c)).  The 

radius of curvature was selected for the future development 

of a full-scale UHF folded dipole utilizing this radius of 

curvature. 

 

A quasi-isotropic [±45\0\90]s,n composite layup was used for 

both segments, where 𝑠 indicates that the layup is symmetric 

and 𝑛 represents the number of times the layup is repeated 

(𝑛 = 2 was used for the straight tubes and 𝑛 = 1 for the 

curved tubes). The straight tubes, furthermore had a 

conductive mesh embedded on the outside of the composite 

layup. 

 

The fabricated prototypes serve as a proof-of-concept for the 

manufacture of large composite antenna elements with 

embedded metallic meshes. This technique can be scaled to 

build wire antenna topologies including the monopole, folded 

dipole, and Yagi arrays. 
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5. CONCLUSION AND FUTURE WORK 

A preliminary development and evaluation of a novel 

technique for the fabrication of isotropic electrically 

conductive composites for spaceborne application has been 

completed.   

The composite layup described herein was shown to mitigate 

microcracking over low-level thermal cycles by utilizing thin 

ply laminates, consistent with previous studies [6-8].   While 

the addition of a metallic mesh did result in some cracking of 

carbon fibers local to the metal-carbon interface (as 

expected), such cracking was demonstrated to have no 

measurable effect on the stiffness of the material.  

Furthermore, no additional microcracking was observed 

following the thermal shock testing of the layup samples 

featuring the symmetric distribution of metallic mesh and 

CFRP laminates.  Such results are promising for the future 

space qualification of metal-embedded thin-ply composites, 

which will require structural robustness over large 

temperature ranges.  Future work will also include an 

extended thermal cycling test campaign with a larger sample 

size and temperature range for a more complete evaluation of 

the microcracking as a function of temperature extreme and 

cycling lifetime. 

Additionally, the construction of thin-ply CFRP composite 

tubes – the building blocks of a radiating element – has been 

demonstrated for both straight segments (with embedded 

copper mesh) and curved segments (without embedded 

mesh).   This fabrication technique will be extended in future 

work to complete a full-scale UHF folded dipole radiating 

element for RF field testing and performance comparison to 

conventional, metallic radiating elements.   

The successful implementation of a CFRP composite with 

embedded metallic mesh would enable ultra-lightweight 

conductive structures for future applications, such as 

antennas, requiring survival in cryogenic temperatures.  This 

advancement would be particularly beneficial for mass-

critical missions and potentially enable previously 

implausible science instrumentation for small spacecraft and 

or deep space missions.   
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